Abstract Spectroscopic analysis is recently being employed to measure furan concentration in transformer oil. Light absorbance and spectral bandwidth are used as indicators to estimate furan concentration level in transformer oil. However, the possibility of dust and other conducting materials that might exist in transformer oil sample need to be considered as it may influence the spectroscopic performance. In this paper, series of tests are carried out to investigate the impact of dust on the transformer oil spectral response characteristics. Oil sample with various furan concentrations along with certain amount of copper powder are examined. Experimental results show that the spectral response characteristics only affected by dust at the beginning of mix process. However, the characteristic returns to the original one within a few minutes.
Introduction
Power transformers are a vital link in any electrical transmission or distribution network. Unexpected failure of transformers would lead to a catastrophic electricity shortage either to industrial or residential consumers.
With appropriate monitoring and diagnostic techniques for incipient fault detection, the catastrophic failures could be avoided and an efficient predictive maintenance can be provided in order to improve the reliability of the equipment [1] . The insulation system within power transformers consists of paper insulation immersed in insulating oil [2, 3] . Often, power transformer operational life is referred to the remaining life of the solid insulation (paper), hence samples of transformer oil and paper insulation are essential sources to detect incipient and fast developing faults.
Paper insulation consists of cellulose, hemi-cellulose, lignin and some mineral substances. The amount of these substances varies regarding the types of the Kraft paper used. According to [4] , paper insulation is composed of approximately 90% of cellulose, 6-7% hemi-cellulose and 3-4% of lignin. Cellulose is a linear polymer of glucose molecules, which are connected together via glycosidic bond [5] . When degradation of paper insulation occurs, hydrogen bonds are tending to breakdown making the cellulose molecular chain to get shorter. As results, some chemical products such as CO, CO 2 and furan derivatives are formed and dissolve in the oil.
Furfural content analysis is widely used to determine the health condition of paper insulation and to estimate the remaining life of power transformer, since there is strong correlation between furan concentration and degree of polymerization (DP) of the paper insulation [6] [7] [8] . De Pablo reported the following relation between DP and furfural concentration based on viscosity which also considering the operating condition effects [7] :
where 2FAL is the furfural concentration in mg/kg of oil.
Currently, the most common techniques used to measure furan concentration are either High-Performance Liquid Chromatography (HPLC) or Gas Chromatography-Mass Spectrometry (GC/MS) based on American Society for Testing and Materials (ASTM D5837, Standard Test Method for Furanic Compounds in Electrical Insulating Liquids by HPLC) [9] . Both analysis methods are capable to provide accurate and reliable results for furan concentration in transformer oil. However, due to complexity and time required by both methods, another instant method to measure furan concentration using spectroscopy is introduced [4, 10] .
Spectroscopy History
Spectroscopy is a powerful tool that utilizes the interaction effects of electromagnetic radiation to determine the energy level and structures of atomic or molecular substance.
Effect of Conducting Materials on UV-Vis Spectral Response Characteristics
Inspired by electromagnetic radiation wave theory discovered by Maxwell in 1864, which afterward led to the quantum theory, several spectroscopic diagnostic tools are developed based on different spectrum regions and its applications.
Various spectroscopy from low electromagnetic radiation such as radio wave, up to high energy like gamma ray are introduced for particular application and diagnoses regarding their quantum transition types and interaction effects. For example, infrared radiation is used to measure molecular rotation and vibration, while ultraviolet to visible radiation is used to measure electronic transition (valence electrons). Alternatively gamma rays radiation is the best to measure nuclear transition [11] .
In 1999, Shenton et al. [12] implemented a spectroscopy technique to study the degradation and life prediction of polymer which later on extended to assess the condition and predict the lifetime of paper and oil used in transformer insulation. In 1998, Percherancier and Vuarchex [13] employed Fourier Transform Infrared (FTIR) spectrometry to detect additives and contaminants in insulating oil. Koreh et al. [14] applied the same spectrometry (FTIR) to study water clusters in insulating oil. Hamada et al. [15] also applied infrared absorbance technique to detect oxidation products in mineral oil. Ali et al. [16] used the spectroscopic (FTIR and near-infrared (NIR)) to examine the ageing of cellulose paper and concluded that vibration spectroscopy is potentially to be used in monitoring cellulosic material. This supports an early conclusion done by Liu et al. [17] on an Australian cotton cellulose fibers. Based on successful laboratory results achieved in [13, 14, 16] , Baird et al. [18] [19] [20] developed a portable spectroscopic probe system that capable to analyze insulating oil in power transformer by using visible to near infrared range. Bouaichal et al. [21] also employed FTIR spectroscopy to investigate the influence of relative amount of cellulosic materials on aged mineral oil products.
Instead of using vibrational spectroscopy method (IR to NIR), Arshad et al. [22] proposed UV-Spectrophotometry technique for oil contamination level detection as an alternative with an existing oil conductivity assessment. Abu Siada et al. [4, 10, [23] [24] [25] introduced a new application of Ultraviolet-Visible spectroscopy (UV-Vis) to estimate furan concentration in transformer oil. In this technique, the absorbance effects of various furan concentrations are observed and the correlation between absorbance level and furan concentration is formed [26] . According to Workman [27] , majority of organic compounds are transparent in the UV-Vis spectra, and their absorbance in this region give a significant information towards quantitative analysis or compounds identification.
UV-Vis Spectral Response
UV-Vis spectroscopy is used to investigate contaminations in the transformer oil by using light absorbing properties of a sample [28] . Light transmitted is being absorbed due to various contaminations in the oil sample, and can be calculated as:
where, A λ is the light absorbance, S λ is the sample intensity, R λ is the reference intensity, and D λ is the dark intensity at wavelength λ.
UV-Vis spectroscopy experimental set up for measuring the spectral response of transformer oil is demonstrated in Fig.1 . A beam is transmitted from light source to the oil sample in the cuvette via input fiber. Then, the light interacts with the sample, and the passing light is carried by output fiber to the spectrometer, which is connected with the computer to display the results.
According to Abu Siada et al., light absorbance method of UV-Vis spectral response is capable to distinguish various furan concentrations in transformer oil as shown in Fig. 2  [28] . Absorbance level and wavelength can be used as indicator for furan concentration in oil sample. However, there is possibility of dust or crumb of conducting material that might present in the oil sample taken from the in-service power transformer. Therefore, further test is essential to validate the reliability and accuracy of spectral response method. This paper is aimed to investigate the effect of conducting material in the oil sample on the light absorbance level and the wavelength. 
Experimental Test
Series of tests were performed on in-service transformer oil collected from different types of power transformer with various furan concentrations using UV-Vis spectroscopy. The objective of this experiment is to study the effects of conducting material existed in transformer oil on the spectral response characteristics of transformer oil.
Transformer oil with specific furan concentration is scanned and analyzed by using UV-Vis Spectroscopy. About 2.1 gram weight of each oil sample is placed into a cuvette for scanning purpose. The absorbance level and the bandwidth of oil spectral response are recorded as references. Next, 10mg of copper powder is added and dissolved into each oil sample which were rescanned and analyzed, immediately after the stir process. The oil spectral response is observed and analyzed every 5 minutes for one hour. Previous steps are repeated with 20mg, 30mg, 40mg, 50mg, 60mg, 80mg and 100mg amount of conducting material dissolved in oil sample.
Results
An original oil sample with furan concentration of 1.75 ppm without any additional conducting material shows that the absorbance wavelength is 477.83nm with a maximum absorbance level less than 2 as shown in Fig. 3 . When an amount of conducting material is added to the oil sample, the instantaneous spectral response shows an increase in both wave length and maximum absorbance. As shown in Fig. 4  (a) , the increment in both parameters is proportional with the amount of conducting material added to the oil sample. Fig.  4 (a) shows that the maximum absorbance level exceeds 2.5 after 100mg of copper powder are added into the oil sample. After 5 minutes of adding the copper powder to the oil sample, the wave length and maximum absorbance for all oil samples are significantly reduced, and become close to the original oil sample without additional conducting material as shown in Fig 4(b) . Five minutes later, spectral response for all samples almost coincides with the spectral response of the original oil sample result as shown in Fig 4(c) . Fig. 5 that shows a zoomed area of Fig. 4(c) reveals that the wavelength is slightly increased due to the present of conducting materials within transformer oil sample. Fig . 6 shows the relationships between the amount of conducting material within the oil sample and the amount of light absorbance at a wavelength of 477.83 nm (where absorbance level drops to zero for original oil sample without additional conducting material). Results in Fig. 6 show a linear correlation between the absorbance level and the amount of conducting material in the oil sample regardless the time that the characteristic was measured at. It is also noticed that the slope of linear correlation is reduced with the increase of time delay as shown in Fig. 6 . The correlation between wavelength and the amount of conducting material dissolved in oil sample is shown in Fig.  7 which reveals that, the bandwidth is not affected by the additional conducting material less than 30mg (which equivalent to 1.25% of the weight of oil sample). However, beyond this amount, the wavelength is significantly increased when the characteristic is immediately measured after the addition of the conducting material. When the absorbance characteristic is measured after 5 or 10 minutes, the increment in the wavelength is trivial as shown in Fig. 7 . This is attributed to the fact that conducting material is settled down at the bottom of the cuvette within 5 minutes and its impact on the spectral response will be negligible. Spectral bandwidth expansion with the increments of additional conducting material after 10 minutes.
Figure 6.
Correlation between absorbance level and amount of conducting material in the oil sample at wavelength 477.83nm. Theoretically, the conducting material will settle down at the bottom of the oil sample after a while, hence the spectral response is expected to be similar to the characteristic of oil sample without any additional conducting material inside. To prove this, the absorbance characteristic is measured for oil sample containing 50 mg and 80 mg of copper powder at five time intervals (0, 5, 10, 20 and 45 minutes). The change in wavelength is monitored and analyzed.
After 7 minutes, both spectral responses are returned to original sample wavelength value (477.83nm) as shown in Fig. 8 (a) . The error analysis (Fig. 8 (b) ) shows that after 5 minutes, there is an error less than 0.01% between the response of the original sample without any conducting material and the response of oil samples containing 50mg and 80mg of conducting material. This verifies that UV-Vis Spectroscopy method is not affected by the dust or conducting materials present in the transformer oil samples. 
Conclusion
The absorbance wavelength for oil sample with furan concentration of 1.75ppm is 477.83nm, while the maximum absorbance is less than 2. Experimental results show that conducting material present in transformer oil samples may affect the spectral response of the oil sample if the response is measured straight away after collecting the sample from in-service transformer. However, if the spectral characteristic is measured in about 5 minutes after collecting oil sample, the impact of the conducting material on the spectral response is less than 0.01%, and is negligible after 10 minutes. As this technique is so far offline, it is expected that the test will not be conducted instantly and hence the measured spectral response for the collected transformer oil sample is unaffected by any conducting or solid substances that may preset in the transformer oil.
